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In t roduct ion .  Recent s t u d i e s  of t h e  s o l v e n t  s w e l l i n g  of c o a l s  have y ie lded  consider- 
a b l e  ins ight  i n t o  t h e i r  macrwolecular  s t ruc ture . ( l -6)  I t  i s  becoming increas ingly  
evident t h a t  hydrogen bond c r o s s l i n k s  play a c e n t r a l  r o l e  i n  t h e  swel l ing  behavior 
of many coa ls .  i a r s e n  and co-workers, f o r  example, demonstrated t h a t  t h e  degree of 
swel l ing  of two bituminous c o a l s  i n  good nonpolar s o l v e n t s  increases  i n  t h e  order  
unextracted<pyridine-extracted (0-methylated and O-acetylated.(6) 
a t t r i b u t e d  p r i m a r i l y  t o  t h e  progress ive  d i s r u p t i o n  of t h e  hydrogen bond c r o s s l i n k s  
i n  t h e  coa l .  
t h e  nonpolar s o l v e n t  cannot d i s r u p t  them, t h e  swel l ing  remains low. The pyridine- 
e x t r a c t i o n  s e r v e s  t o  only  p a r t i a l l y  d i s r u p t  t h e  c r o s s l i n k s .  The c r o s s l i n k s  a r e  
absent  i n  the  chemically-modified coa ls ,  and these  c o a l s  can expand t o  conta in  t h e  
so lvent .  Thei r  u l t i m a t e  d i s s o l u t i o n  i s  prevented by t h e  presence of covalent 
c r o s s l i n k s .  

7,8) 
groups i n  t h e  coa l .  
i n  volume upon exposure t o  so lvent .  Brenner, f o r  example, exposed a t h i n  s e c t i o n  
of I l l i n o i s  N o .  6 c o a l  to vapors of n-propylamine.(l) 
doubled i n  s i z e ,  and t h e  process was found t o  be h ighly  r e v e r s i b l e .  The c o a l  w a s  
a l s o  found to be h i g h l y  f l e x i b l e  i n  t h e  swollen s t a t e .  
p r imar i ly  to  the  breaking  of coal-coal hydrogen bonds ( i .e .  c r o s s l i n k s )  by t h e  n-pro- 
pylamine dur ing  t h e  swel l ing  process. 

Brenner's r e s u l t s  suggest t h a t  t h e  n-propylamine i s  hydrogen bonding t o  s p e c i f i c  
s i t e s  within the  I l l i n o i s  No. 6 s t r u c t u r e .  I f  so,  we thought t h e  number of s i t e s  
might be q u a n t i f i e d  by so lvent  swel l ing  measurements. 
clude o ther  n-alkylamines t o  s e e  i f  they might behave s i m i l a r l y  t o  n-propylamine. 
The r e s u l t s  on f o u r  d i f f e r e n t  c o a l s  a r e  presented and cont ras ted  wi:h those using 
n-alkylalcohols as swel l ing  s o l v e n t s .  

Experimental. 
Swelling Measurements. 
The experimental  technique has  been previous ly  described.(lO) 
200 mg of dry c o a l  was placed i n  a 7 mm 0.d. Pyrex tube sea led  on one end. 
was cent r i fuged  a t  1750 rpm f o r  5 minutes and the  he ight  of  c o a l  i n  t h e  tube w a s  
measured a s  h l .  Excess s o l v e n t  (3-4 mL) was added t o  the  tube,  which w a s  sea led  w i t h  
a rubber s topper  and immediately shaken. 
cen t r i fuged  aga in  f o r  5 minutes. 
The degree of s w e l l i n g  w a s  c a l c u l a t e d  as  Q, t h e  swel l ing  r a t i o .  

This order  is 

The unextracted c o a l  conta ins  many hydrogen bond c r o s s l i n k s  and s i n c e  

The swel l ing  of c o a l s  i n  polar  s o l v e n t s  has  a l s o  been s tudied  extensively.(l-5,  

Amines a r e  p a r t i c u l a r l y  e f f e c t i v e ,  with t h e  c o a l  o f t e n  doubling 
Polar s o l v e n t s  a r e  capable of i n t e r a c t i n g  s p e c i f i c a l l y  wi th  polar  f u n c t i o n a l  

The sample approximately 

This f l e x i b i l i t y  is a t t r i b u t e d  

We extended the  study t o  in- 

A l l  so lvents  were p u r i f i e d  according t o  s tandard  methods. (9) 

The coal  
B r i e f l y ,  about 100- 

P e r i o d i c a l l y ,  t h e  tube was shaken and 
The he ight  of swollen c o a l  was measured as h2. 

= h,,hZ = 1) 
volume of swollen c o a i  
volume of unswollen c o a l  

The meas'xernents were continued u n t i l  no f u r t h e r  change i n  Q occurred during a two 
week period. 

Coal Analyses. The four  c o a l s  used i n  t h e  s tudy  were d r i e d  under vacuum a t  l l O ° C  f o r  
T4 h r s  p r i o r  t o  swel l ing .  
b a s i s  a re  presented  i n  Table I. 

All s w e l l i n g  measurements were conducted at  ambient temperature. 

Thei r  elemental  ana lyses  on a dry ,  mineral-matter-free 

488 



I 

TABLE I 

Elemental Analyses of Coals (Ut %) 

Coal C H N S,,, Oa Mineral Matter .. 
Wyoming Rawhide 72.3 5.2 0.95 0.51 21.0 7.5 
Texas lignite 70.6 5.5 1.3 1.2 21.4 8.3 
Illinois No. 6 78.9 5.6 1.4 3.4 10.7 14.0 
Bruceton 85.4 5.7 1.5 0.7 6.7 6.1 
a by difference 

Results. 
Swelling in n-Alkylamines. A series of z-alkylamines were used as swelling solvents 
for the various coals. Each value 
represents the average of 3 o r  4 measurements and the reproducibility was on the 
order of percent. The pyridine-extracted (Soxhlet) Illinois No. 6 and Rawhide 
coals were also studied to determine what effect the extraction process might have 
on the equilibrium swelling ratios. The extractabilities were found to be 18.3 per- 
cent and 5.8 percent for the Illinois No. 6 and Rawhide coals, respectively. 

The calculated awunts (mmoles) of solvent absorbed per g of dmmf coal are also 
presented in Table IT. The values were calculated according to the equation 

The swelling ratios are presented in Table 11. 

2) mmoles absorbed = (Q - 1) looo 
g of dmmf coal p V 

where Q is the swelling ratio, V is the molar volume of the solvent at 25'C, andp 
is the density of the coal. 
all coals. This calculation assumes additivity of volumes between coal and solvent. 
This assumption was not tested. 

A value of 1.3 g/mL was assumed for the density of 

TABLE I1 

Swelling Data of :-Alkylamines and Four Coals 
Bruceton Illinois No. 6 
Unexcracted Unextracted Extracted 

mmoles abs moles abs mmoles abs 
Solvent Q g dmmf coal Q g dmf coal Q g dmmf coal 

- n-propylamine 1.80 7.5 2.04 9.7 2.21 11.3 
- n-butylamine 2.09 8.5 2.23 9.6 2.25 9.8 
- n-hexylamine 2.32 7.7 2.72 10.0 2.62 9.4 

7.5 2.94 - 9.0 2.79 - 8.3 - n-octylamine 2.61 - 
Average : 7.8 9.6 9.7 

Big Brown Rawhide 
Unextracted Unextracted Extracted 

mmoles abs mmoles abs moles abs 
Q g dmmf coal Q dmmf coal Q g dmmf coal 

- n-propylamine 2.64 1 5 . 3  2.30 12.2 2.22 11.4 
- n-butylamine 2.94 15.1 2.44 11.2 2.34 10.4 
- n-hexylamine 3.27a 13.2b 3.03 11.8 2.74 10.1 
- n-octylamine 3.14a G b  3.14a - 10.Ob 3.0aa - 9.7b 
Average : 15.2 11.2 10.6 

a Not at equilibrium after 1200 hrs. 
b Excluded from average because swelling had not reached equilibrium. 
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Swelling i n  n-Alkyl Alcohols. 
Bruceton and Big Brown coa l s  so t h a t  t h e  r e s u l t s  could be  compared with those using 
the  =-alkylamines as swe l l ing  solvents .  
by t h e  coa l s  a r e  p re sen ted  i n  Table 111. 

A s e r i e s  of 5-alkyl  a l coho l s  were used t o  s w e l l  t h e  

The swe l l ing  r a t i o s  and the  amounts absorbed 

TABLE I11 

Swell ing Data f o r  n-Alkyl Alcohols and Two Coals 

Bruceton Big Brown 
Unextracted Unextracted 

mmoles abs m o l e s  abs  
Solvent 9 g dnrmf coa l  Q g d m f  c o a l  

methanol 1.18 3.4 1.67 12.7 

- n-butanol 1.21 2.2 1.66 6.8 

- n-oc t ano l  1.22 1.1 1.30 1.5 

Discussion. 
Swelling i n  n-Alkylamines. The degree of swel l ing of each c o a l  is observed t o  increase 
l i n e a r l y  with i n c r e a s i n g  s i z e  of the amine. This  r e s u l t  is shown i n  Figure 1, where 
Q is p lo t t ed  a g a i n s t  the molar volume of t he  solvent .  Bruceton c o a l  swells t h e  l e a s t  
i n  each so lven t ,  whereas Big Brown l i g n i t e  s w e l l s  the  most. (Note t h a t  some Q values 
were omitted from F igure  1 s i n c e  they were not  equ i l ib r ium va lues ) .  

A s  shown i n  Table  11, each coa l  absorbs nea r ly  a constant  amount of each amine. 
This  r e s u l t  suggest t h a t  t he  amines a r e  binding t o  s p e c i f i c  s i t e s  w i th in  the coa l ,  
and t h a t  each amine, r ega rd le s s  of i t s  s i z e ,  has equa l  a c c e s i b i l i t y  t o  t h e  binding 
sites. The degree of swe l l ing  inc reases  with inc reas ing  chain l e n g t h  of t he  amine 
because the c o a l  network must expand more t o  accommodate the l a r g e r  a l k y l  groups. 

The amines a r e  probably i n t e r a c t i n g  through hydrogen bonding wi th  oxygen func- 
t i o n a l i t i e s  i n  the c o a l s ,  s i n c e  oxygen i s  the most abundant heteroatom i n  the  coa l s  
and the  amines a r e  known t o  be s t rong  hydrogen bonding solvents .  I f  t h i s  is t r u e ,  
then the amounts of amine absorbed by the  coa l s  should roughly c o r r e l a t e  with the  
oxygen contents  of t h e  coa l s .  This  gene ra l  t r end  i s  observed, with the  amounts of 
amine absorbed by the coa l  i nc reas ing  i n  the o rde r  B r u c e t o n ( I l 1 i n o i s  No. 6 (Rawhide 
<Big Brown l i g n i t e .  

groups i n  the coal. However, the amounts absorbed by the  coa l s  exceed t h e  number 
of phenolic hydroxyl groups known to be present  i n  t h e  coa l s .  
No. 6 and Rawhide c o a l s  are reported to  contain approximately 3 and 5 m o l e s  hydroxyl 
groups p e r  g of d m f  c o a l . ( l l , l 2 )  
absorbed by the c o a l s  ( s ee  Table 11). 
o t h e r  sites i n  the  c o a l s  a s  w e l l .  
f unc t iona l  groups, which a r e  known t o  b e  present  i n  coa l s .  

equi l ibr ium swe l l ing  were measured f o r  some c o a l s  and solvents .  
va r i ed  dramatical ly ,  depending upon both coa l  and solvent .  
s en ted  i n  Table I V  for t h r e e  coa l s  and n-butyl- and n-octylamine. 
equi l ibr ium much f a s t e r  i n  _n-butylamine-than i n  _n-octylamine. 
apparent ly  prevents  r ap id  d i f f u s i o n  of t h e  amine i n t o  the coa l  network. 
l i b r ium times i n  n-octylamine inc rease  i n  the o rde r  I l l i n o i s  No. 6<Rawhide(Big 
Brown. 
h r s ,  demonstrating t h a t  c o a l  swel l ing can be an e x t r a o r d i n a r i l y  slow process. 

- n-propanol 1.20 2.6 1.69 9.0 

- n-hexanol 1.20 1.2 1.33 2.0 

The amines a re  probably hydrogen bonding t o  phenol ic  hydroxyl 

For example, I l l i n o i s  

These amounts a r e  much less than the  amounts o f  amine 

These sites may inc lude  e t h e r  and carboxyl ic  

Although a d e t a i l e d  k i n e t i c  s tudy w a s  not  undertaken, approximate times t o  

Apparently, t h e  amines a r e  i n t e r a c t i n g  with 

Equilibrium times 
These r e s u l t s  a r e  pre- 

The coa l s  reached 
The bulky o c t y l  group 

The equi- 

The_n-octylamine-Big Brown system was s t i l l  n o t  a t  equ i l ib r ium a f t e r  1200 
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I TABLE IV 

Approximate Swelling Times f o r  
n-Butylamine and n-0ctylamine and Three Coals 

Solvent I l l i n o i s  No. 6 Rawhide Big Brown 

- n-butylamine 1 h r  1 h r  5 h r s  
- n-octylamine 5 h r s  170 h r s  1200 h r sa  

a Not at equi l ibr ium a f t e r  1200 h r s .  

F ina l ly ,  pyridine-extracted I l l i n o i s  No. 6 and Rawhide coa ls  were a l s o  s t u d i e d  
t o  determine what e f f e c t  t h e  e x t r a c t i o n  process  has on the  equ i l ib r ium swe l l ing  r a t i o s .  
The r e s u l t s  i n  Table 11 r e v e a l  t h a t  the  e x t r a c t e d  c o a l s  s w e l l  t o  nea r ly  the  same 
degree a s  the  unextracted c o a l s ,  w i th  nea r ly  the  same average amounts of amine 
being absorbed. The r e s u l t s  suggest  t h a t  t h e  amines a r e  i n t e r a c t i n g  with t h e  unex- 
t r a c t e d  and ex t r ac t ed  coa ls  i n  a s i m i l a r  fash ion ,  and t h a t  t h e  binding sites wi th in  
t h e  coa ls  a r e  equal ly  access ib l e  t o  t h e  amines. 

Swelling i n  n-Alkyl Alcohols. Bruceton coa l  and Big Brown l i g n i t e  were swollen i n  
a s e r i e s  of n-alkyl a l coho l s  i n  o rde r  determine i f  they behaved s i m i l a r l y  t o  the  
amines. A s  shown i n  Figure 1, t h e  swe l l ing  r a t i o s  remain constant  a t  about 1.2 
f o r  t h e  Bruceton coal ,  r ega rd le s s  of the  s i z e  of the  alcohol .  For Big Brown l i g n i t e ,  
three of the smaller  a l coho l s  give swe l l ing  r a t i o s  of 1.65. The swel l ing drops o f f  
for n-hexyl a l coho l  and n-octyl a lcohol ,  suggest ing t h a t  these  swel l ing r a t i o s  a r e  
not y e t  a t  equi l ibr ium. As with t h e  amines, t h e  a l coho l s  s w e l l  t h e  l i g n i t e  more than 
the  Bruceton coal .  

The amounts of a l coho l  absorbed a r e  seen t o  decrease with inc reas ing  s i z e  of 
t h e  a l coho l  as shown i n  Table 111. Thus t h e  a l coho l s  do not have equa l  a c c e s s i b i l i t y  
i n t o  coa l  network, i n  c o n t r a s t  t o  t h e  amines. These r e s u l t s  a r e  cons i s t an t  w i t h  
calor imetry s t u d i e s  of Wightman and Widyani, who measured t h e  hea ts  of immersion of 
a Pocahontas No. 3 c o a l  i n  series of q -a lky l  a l coho l s . ( l3 )  They observed the  h e a t s  of 
immersion t o  decrease wi th  inc reas ing  s i z e  of the  a lcohol ,  and concluded t h a t  t h e  
smaller  a l coho l s  were a b l e  t o  pene t r a t e  t h e  coa l  s t r u c t u r e  more e a s i l y  than t h e  
l a r g e r  a lcohols .  

be r e l a t e d  t o  the  s t r e n g t h s  of t h e  coal-solvent i n t e r a c t i o n s .  The amines i n t e r a c t  
much more s t rongly  with t h e  c o a l s  than the  a l coho l s  because t h e  degree of swe l l ing  
is much g r e a t e r  i n  the  amines. The amines can be expected t o  d i s r u p t  coal-coal  
hydrogen bond c r o s s l i n k s  and, by doing so, t h e  coal  w i l l  be much more f l e x i b l e .  
The coa l  i s  then ab le  t o  expand t o  contain even the  l a r g e  g-octylamine. 
a lcohols  apparent ly  lack  t h i s  a b i l i t y  t o  d i s r u p t  the  hydrogen bond c r o s s l i n k s  s i n c e  
the  amounts absorbed by t h e  c o a l s  decrease with inc reas ing  s i z e  of t h e  a l coho l  ins tead  
of remaining constant .  

Conclusion. The swel l ing of four  d i f f e r e n t  coa ls  i n  s e r i e s  of n-alkylamines and 
“-alkyl a lcohols  were measured. For t h e  amines, t h e  amounts absorbed by the  coa ls  
remains constant  among the  s e r i e s ,  suggest ing t h a t  t h e  amines a r e  binding t o  s p e c i f i c  
s i t e s  within the  coal  network. Thus, the  p r i n c i p a l  d r iv ing  f o r c e  f o r  the  swe l l ing  
process  is  en tha lp i c  i n  na tu re  f o r  these  so lvents .  The a l coho l s  behave q u i t e  d i f f e r -  
e n t l y  toward the  coa ls ,  with the amounts absorbed by t h e  c o a l  decreasing with 
inc reas ing  s i z e  of the  alcohol .  T h i s  d i f f e rence  i n  behavior i s  a t t r i b u t e d  p r imar i ly  
Co the  i n a b l i t y  of the  a l coho l  t o  d i s r u p t  t h e  hydrogen bond c r o s s l i n k s  of t h e  c o a l  
network. 

The swel l ing r a t i o s  of  the  c o a l s  i n  o t h e r  l a r g e r  n-alkylamines can be p red ic t ed  
from the  r e s u l t s  presented i n  Figure 1. For example, Big Brown l i g n i t e  and Bruceton 
coal  a r e  predicted t o  have Q values  of 7.8 and 3.5, r e s p e c t i v e l y ,  i n  octadecylamine. 
However, the  swel l ing process  w i l l  probably be e x t r a o r d i n a z i l y  slow i n  t h i s  so lvent ,  
poss ib ly  r equ i r ing  s e v e r a l  months or years  t o  reach equ i l ib r ium a t  room temperature. 

The d i f f e r e n t  behaviors of the  amines and t h e  a l coho l s  toward t h e  coa ls  must 
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The covalen t ly  c r o s s l i n k e d  n a t u r e  of t h e  coa l  may a l s o  p l a c e  a l i m i t a t i o n  on 
how much i t  w i l l  s w e l l  i n  l a r g e r  n-alkylamines. For example, t h e  l i g n i t e  must expand ,/ 
t o  near ly  8 t imes its o r i g i n a l  voiume i n  o r d e r  t o  accommodate t h e  pred ic ted  amount 
of  octadecylamine. The e x i s t e n c e  of covalent  c r o s s l i n k s  may prevent  t h i s  degree of 
expansion. The swe l l ing  r a t i o  may, i n  f a c t ,  l e v e l  o f f  a t  some c r i t i c a l  amine s i z e .  
Seve ra l  f a c t o r s  w i l l  probably p l ay  a r o l e  i n  determining t h i s  c r i t i c a l  s i z e ,  includ- 
i n g  t h e  s t r e n g t h  o f  t h e  coal-solvent  i n t e r a c t i o n ,  t h e  populat ion of t h e  oxygen 
f u n c t i o n a l i t i e s  i n  the coa l ,  t h e  covalent  c r o s s l i n k  d e n s i t y  of t h e  coa l ,  and the  
f l e x i b i l i t y  of t he  macromolecular chains .  

Acknowledgement. W e  wish t o  thank t h e  Exxon Education Foundation f o r  support  of 
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FIGURE 1; Plot of Swelling Ratios against Molar Volume of Solvenr for 
a Series of n-Alcohols and w h i n e s  and Several Coals. 
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